The initiation of mammalian puberty and the maintenance of female reproductive cycles are events controlled by hypothalamic neurons that secrete the decapeptide gonadotropin-releasing hormone (GnRH). GnRH secretion is, in turn, controlled by changes in neuronal and glial inputs to GnRH-producing neurons. The hierarchical control of the process is unknown, but it requires coordinated regulation of these cell-cell interactions. Here we report the functional characterization of a gene (termed enhanced at puberty 1 [EAP1]) that appears to act as an upstream transcriptional regulator of neuronal networks controlling female reproductive function. EAP1 expression increased selectively at puberty in both the nonhuman primate and rodent hypothalamus. EAP1 encoded a nuclear protein expressed in neurons involved in the inhibitory and facilitatory control of reproduction. EAP1 transactivated genes required for reproductive function, such as GNRH1, and repressed inhibitory genes, such as preproenkephalin. It contained a RING finger domain of the C3HC4 subclass required for this dual transcriptional activity. Inhibition of EAP1 expression, targeted to the rodent hypothalamus via lentivirusmediated delivery of EAP1 siRNAs, delayed puberty, disrupted estrous cyclicity, and resulted in ovarian abnormalities. These results suggest that EAP1 is a transcriptional regulator that, acting within the neuroendocrine brain, contributes to controlling female reproductive function.
Introduction
Much has been learned in recent years about the neuroendocrine mechanisms controlling both the onset of mammalian puberty and the maintenance of female reproductive cyclicity. Both events require changes in the release of gonadotropin-releasing hormone (GnRH) from neurosecretory neurons, mostly located in the medial basal hypothalamus (MBH) of primates and the preoptic region of rodents (1, 2) . These changes are, in turn, determined by modifications in transsynaptic (3, 4) and glial (5) inputs to the GnRH neuronal network. Studies in developing monkeys and rodents have shown that while the transsynaptic changes involve a coordinated increase in excitatory inputs and a reduction in inhibitory influences (1, 4, 6) , the glial component of the system is predominantly facilitatory and exerted by growth factors that directly or indirectly stimulate GnRH secretion (2, 5) .
The general composition of each of these regulatory systems is also known. Thus, the excitatory transsynaptic regulation of GnRH secretion is provided by glutamatergic neurons and the newly discovered kisspeptin-producing neurons (2, 7) ; the inhibitory counterpart of this circuitry depends principally on GABAergic neurons but also on opiatergic neurons that employ different peptides and a variety of different receptors for inhibitory neurotransmission (reviewed in ref. 6 ). Adding complexity to this regulatory system is the fact that GABA not only inhibits GnRH secretion by acting on neuronal subsets connected to the GnRH neuronal network (2, 6) but can also excite GnRH neurons directly (8) .
What are the genes that, acting within the diverse neuronal and/or glial components of this regulatory network, coordinate - at the molecular level - first the activational process that leads to the onset of puberty and then those events underlying female reproductive cyclicity? Although it would appear intuitively clear that this coordination requires the participation of a host of functionally interacting genes (9, 10) , the importance of such a polygenic configuration for the initiation of reproductive capacity has only recently been fully appreciated (10, 11) , perhaps due to the earlier perception that human central precocious puberty is not genetically determined but instead is sporadic in nature - an assumption now disproved (12) . Accepting the idea of such a gene network also requires considering the existence of a level of control provided by upstream transcriptional regulators acting within functionally linked neuronal and glial subsets (13) . In other systems, these genes - which reside at the core of regulatory networks (14, 15) - have been shown to both maintain the hierarchical structure of the network and provide the system with redundancy and combinatorial diversity (15) . Transcription factors involved in the central control of reproductive function would be expected to establish the conditions required for the productive engagement of neuron-to-neuron, neuron-to-glia, and glia-to-neuron circuitries controlling GnRH secretion, regardless of the transcriptional process they control.
To identify candidate genes that may fulfill this role, we performed a global analysis of gene expression in the developing female monkey hypothalamus and found C14ORF4, a predicted gene of unknown function (16) , to be one of the genes whose expression increases consistently at the time of puberty. We selected C14ORF4 for further study because of earlier findings showing that abnormalities in the region where C14ORF4 is located in chromosome 14 (14q23-14q32) are invariably associated with precocious puberty in humans (17, 18) . C14ORF4 is located in 14q24.3. Our results show that C14ORF4, now renamed EAP1 (see below) is a transcriptional factor that, acting within neuronal networks of the neuroendocrine brain, is required for the timely initiation of female puberty and maintenance of female reproductive cyclicity.
Results
To identify genes that may be involved in the transcriptional control of primate puberty, we employed DNA microarrays (Supplemental Note 1; supplemental material available online with this article; doi:10.1172/JCI31752DS1) and RNA from the MBH and cerebral cortex (CTX) of female rhesus monkeys at 3 different developmental stages: juvenile (9 months to 1.8 years of age), early pubertal (2-2.9 years of age), and mid-pubertal (3.1-4 years of age). The animals were classified in each of these stages using criteria described in Methods. Among the genes whose expression increased in the MBH, but not in the CTX, at early puberty and further at midpuberty, we identified a gene ( Figure 1A ) provisionally named C 1 4 O R F 4 ( 1 6 ) . C14ORF4 is an intronless gene that maps to human chromosome 14,q24.3 (16), a region located within a known "hotspot" for human sexual precocity (17, 18) . Using real-time PCR (Supplemental Note 2), we confirmed the pubertal increase in hypothalamic C14ORF4 expression detected by the arrays ( Figure 1B) and determined that such an increase does not occur in the CTX, a brain region unrelated to the neuroendocrine control of puberty ( Figure 1C ). C14ORF4 mRNA content in the CTX was already at mature levels in juvenile animals, suggesting that developmental changes in C14ORF4 expression in this brain region are complete long before puberty, independent of the stage of sexual maturation.
Human C14ORF4 encodes a predicted protein that shares approximately 40% homology with the hypothetical protein CAB45750. No changes in CAB45750 expression occurred in the monkey hypothalamus ( Figure 1D ), indicating that, in addition to its regional specificity, the increase in C14ORF4 mRNA abundance is also gene specific. Expression of C14ORF1 (NM_007176), another predicted gene mapping to chromosome 14q24, did not change at puberty, as assessed by both DNA arrays and real-time PCR (data not shown). Like female monkeys, female rats undergoing puberty exhibited an increase in hypothalamic, but not CTX, C14ORF4 mRNA abundance (Figure 1, E and F, respectively) . This increase was initiated during early puberty (30-35 days of age) and, as in monkeys, became distinctly evident at mid-puberty (32-37 days of age). Early puberty corresponds to the previously described early proestrous phase of puberty, a developmental stage during which the first manifestations of enhanced estrogen secretion become apparent in female rats (2) . Mid-puberty corresponds to the late proestrous phase, which is the day of the first preovulatory surge of gonadotropins. Although puberty in the rat is a very compressed process, we consider this stage to be mid-puberty, because completion of the pubertal changes evidenced by the first ovula- tion does not occurs until the next day (see Methods for inclusion criteria). Based on the above-described findings, we renamed the gene enhanced at puberty 1 (EAP1).
In the primate hypothalamus, EAP1 mRNA detected by in situ hybridization (Supplemental Note 3) was abundant in cells of hypothalamic nuclei involved in the control of GnRH secretion, such as the arcuate nucleus (ARC) (Figure 2 , A and C). Consistent with the presence of a nuclear localization signal in the EAP1 sequence (16), EAP1 protein detected by immunohistochemistry using polyclonal antibodies (Supplemental Note 3) was localized to cell nuclei ( Figure 2 , B and D). Using the same antibodies, we found that EAP1 protein is also expressed in regions of the female rat hypothalamus involved in reproductive control, such as the medial preoptic area (POA), ARC, and ventromedial nucleus (VMH). These findings are illustrated in Figure 2E , which shows at low magnification the presence of immunoreactive EAP1 in cell nuclei of the ARC and VMH of a 28-day-old juvenile female rat. Preadsorption of the antibodies with the antigenic peptide completely eliminated the staining ( Figure 2F ). Higher-magnification views of both conditions are shown in Figure 2 , G and H, respectively. In brain sections from 28-day-old juvenile female rats, EAP1 protein was detected in the nuclei of neurons involved in both the facilitatory and inhibitory control of GnRH secretion. For example, EAP1 was present in GnRH neurons, which are required for the initiation of puberty and adult reproductive function ( Figure 3 , A and B), and preproenkephalinergic neurons (Figure 3 , D-F), which are involved in the inhibitory control of GnRH secretion (19, 20) . Using confocal microscopy followed by constrained iterative deconvolution and 3D reconstruction, we observed ( Figure 3C ) that EAP1 (red) was present in nuclear regions lacking condensed chromatin (blue). Since these regions are thought to be transcriptionally active (21) , such a localization suggests that EAP1 may be involved in gene regulation. EAP1 also contains a coiled-coil domain (16) , indicative of participation in protein-protein interaction (22) , and a C3HC4 RING finger domain sequence (23) , implicating EAP1 in ubiquitination (24) . Because of their opposite roles in the control of reproductive function, we selected the GnRH and the preproenkephalin genes to experimentally test the ability of EAP1 to regulate gene transcription. Using functional promoter assays (Supplemental Note 4), we determined that EAP1 transactivates the GnRH promoter ( Figure 3G ) but represses the preproenkephalin promoter ( Figure 3, H and I ). This latter effect was observed in both GnRH-producing GT1-7 cells ( Figure 3H ) and HiB5 neuronal hippocampal cells ( Figure 3I ), indicating that the dual transcriptional activity of EAP1 is promoter specific. It also requires an intact RING finger domain; deletion of this domain, or a single amino acid substitution (the first cysteine to alanine) earlier shown to abolish the biological activity of the RING finger domain (25) , obliterated both the repressive (preproenkephalin) and the transactivating (GnRH) effects of EAP1 ( Figure 3 , G-I). Although basal activity of the GnRH promoter was noticeable lower than that of the preproenkephalin promoter, it is unlikely that this reduced activity may have influenced the response of the GnRH promoter to EAP1. We observed a stimulatory effect of EAP1 on this promoter in several assays, regardless of the basal level of activity. For instance, in an assay in which the basal activity of the GnRH promoter was high (1,279% ± 61% over control pGL3 levels; n = 6), EAP1 at the same dose shown in Figure 3G increased these values to 3,647% ± 220% (n = 6).
To determine the functional importance of EAP1 in the in vivo control of female reproductive function, we used a loss-of-function approach. We first synthesized siRNAs (Supplemental Note 5) and found that 2 of them (siR1 and siR3) reduced EAP1 mRNA levels by greater than 80% in cell lines (Supplemental Figure 1A) . To prove target specificity, we generated silent mutations in EAP1 mRNA region targeted by siR1 or siR3 (26) (Supplemental Note 6). These mutations rescued EAP1 mRNA from the inhibitory effect of the EAP1 siRNAs (Supplemental Figure 1B) . We then used the siR1 or siR3 sequences to generate short hairpin RNAs (shRNAs) within a lentiviral context ( Figure 4 , A and B) as previously described (27) . Using these viral particles (see Methods and Supplemental Figure 2 ), we infected neuronal HiB5 cells to assess the shRNA silencing potency. The most effective shRNA was EAP1 sh1, which decreased EAP1 mRNA expression by approximately 90% ( Figure 4C ). This effect was not associated with activation of the interferon pathway (26, 28) , as assessed by the lack of changes in 2ʹ,5ʹ oligoadenylate synthetase-1 mRNA, a major interferon target (26) (Figure 4 , D and E; Supplemental Note 7).
After satisfying the dual criterion of potency and specificity, we determined the effect of a region-specific decrease in EAP1 production on the onset of female puberty and adult reproductive cyclicity. One microliter of EAP1 sh1-producing lentivirus (3.6 × 10 6 transducing units [TU]/μl) was microinjected bilaterally into the POA of juvenile 23-day-old female rats (Supplemental Note 8). In this species, the POA contains most of the GnRH neurons involved in the hypothalamic control of pituitary gonadotropin secretion and is required for the recurrent surges of gonadotropin release during the estrous cycle (29) . Control animals were injected with enhanced GFP-producing (eGFP-producing) viruses carrying the U6 promoter cassette alone (LV eGFP). Identification of eGFP-expressing cells showed that the injection site was correctly targeted to the POA in 8 LV eGFP-injected controls and 6 EAP1 sh1-injected rats. Well-placed injections infected neurons located in the anteroventral periventricular nucleus (AVPV) and/or the lateral aspect of this nucleus ( Figure 5, A and B) . The AVPV is a region of the POA required for the preovulatory discharge of gonadotropins (30) . Figure 5A shows eGFP-labeled cells located along the lateral borders of the AVPV; Figure 5B shows eGFP-positive cells in the dorsal and medial aspects of the right AVPV; although no positive cells were seen in the left AVPV, subsequent sections demonstrated the presence of infected cells in this region (data not shown). An example of misplaced injections (too lateral and too caudal to the POA) is shown in Figure 5C . A higher-magnification view revealed that most infected cells were neurons ( Figure 5D ), including GnRH neurons ( Figure 5E ). EAP1 sh1-treated cells (green) had a reduced content of EAP1 immunoreactive material compared with noninfected cells (red only) ( Figure 5, F-H) . Semiquantitative image analysis (Supplemental Note 9) showed that this decrease was significant (P < 0.01) ( Figure 5I) .
Assessment of sexual development and reproductive cyclicity demonstrated that the onset of puberty (defined by the time of first ovulation) was delayed in rats receiving EAP1 sh1 in the POA as compared with LV eGFP-injected rats ( Figure 6A ). EAP1-knockdown rats also failed to cycle normally ( Figure 6 , B and C), exhibiting prolonged episodes in estrus ( Figure 6D ) and reduced plasma luteinizing hormone (LH), follicle-stimulating hormone (FSH), and estradiol levels (Figure 6 , E-G). These hormonal deficits were accompanied by delayed growth of ovarian follicles, evidenced by an accumulation of antral follicles ( Figure 7A) . A more detailed analysis of the results revealed that this accumulation was due to an increased number of medium-size follicles (200-400 μm) in EAP1 sh1-injected rats as compared with control animals ( Figure 7B) . Surprisingly, the ovaries from EAP1 sh1-injected rats also contained large follicular and luteal cysts (Figure 7 , D and E), 2 abnormal structures that were absent in LV eGFP-injected rats ( Figure 7C ). We next determined whether EAP1 expression is regulated by hormonal signals of peripheral origin involved in the control of reproductive function. In a series of experiments (data not shown), we found that neither hypothalamic EAP1 mRNA abundance nor the transcriptional activity of the EAP1 gene is increased by ovarian steroids. We then assessed EAP1 mRNA levels in the MBH of adult (80-day-old) ob/ob mice (Supplemental Note 2). These animals lack leptin, an adipocyte-derived hormone previously implicated in facilitating the initiation of puberty (31) and known to be a metabolic signal to the reproductive system (32) . The results showed that EAP1 mRNA abundance is unperturbed in the absence of leptin (Supplemental Figure 3) . Thus, the pubertal activation of hypothalamic EAP1 expression appears to result from centrally originated events.
Discussion
A substantial body of literature has made clear that no isolated pathway or cellular subset is solely responsible for the neuroendocrine control of puberty and the subsequent cyclic, repetitive activation of the hypothalamic-pituitary-ovarian axis. Instead, this control is likely exerted by regulatory gene networks hierarchically arranged. It would also appear that attainment of sexual maturity depends on the faithful execution of a genetically controlled developmental program requiring bidirectional cell-cell communication.
Intrinsic to this concept is the long-suspected - but still unproven - existence of upstream genes controlling at the transcriptional
Figure 4
Lentivirus-mediated delivery of EAP1 siRNAs decreases EAP1 mRNA expression both in vitro and in vivo. (A) Diagram of the lentivirus construct (27) used, showing the site of insertion of a U6 promoter-driven shRNA-expressing cassette. (B) Generation of EAP1 sh1 from the U6 promoter-directed transcriptional cassette. (C) Inhibition of EAP1 gene expression in HiB5 hippocampal neural progenitor cells by EAP1 sh1 and -3, measured 48 hours after infection. EAP1 mRNA content was detected by semiquantitative PCR. Bars are mean ± SEM; n = 6-7 wells/group, except in the case of noninfected control (n = 3). *P < 0.05; ***P < 0.01 versus control or LV-infected group. (D and E) Lack of changes in 2ʹ,5ʹ oligoadenylate synthetase-1 (OAS1) mRNA abundance after in vitro infection of hypothalamic slices with lentiviral particles carrying EAP1 sh1. The slices were prepared and infected as described in Supplemental Note 7. OAS1 mRNA was measured by semiquantitative PCR 72 hours after infection. (D) PCR products sizefractionated in a 2% agarose gel stained with ethidium bromide. -RT, no reverse transcription product. MM, molecular markers. (E) Densitometric analysis of the gel shown in D. Cyclophilin (Cyclo) mRNA, a housekeeping gene, was used as the normalizing unit. Accordingly, OAS1 mRNA levels are expressed as mean ± SEM (AU) of the OAS1/ cyclophilin mRNA ratio calculated for each group (n = 3).
level subordinate genes required for the productive interaction of neuronal and glial subsets involved in the neuroendocrine control of reproductive function. Until now, attempts to answer this question have been hampered by the scarcity of the information provided by our current reductionist approaches, but most of all because of the unavailability of appropriate technology.
Using a combination of DNA arrays and siRNA technology, we have now identified EAP1, a gene of heretofore unknown function, as a novel component of the transcriptional machinery that regulates female reproductive function. EAP1 behaves like some other unique transcriptional regulators, such as enhancer of polycomb, that exhibit either transactivating or repressive activities, depending on the target promoter and the partners involved (33) . The C3HC4 RING finger domain in EAP1 is located near the C terminus of the protein, in contrast to the RING finger-containing proteins involved in ubiquitination, which are localized to the N terminus (23) . Because this location is also observed in RING finger domain-containing molecules endowed with corepressor activity (34) , it is likely that EAP1 affects gene transcription by interacting with specific partners. The finding that EAP1 transactivates the transcription of genes involved in facilitating gonadotropin output (e.g., GnRH) while suppressing the expression of genes that inhibit GnRH neuronal function (such as the preproenkephalin gene) suggests that a function of EAP1 in the neuroendocrine brain is to coordinate the activity of neuronal networks controlling GnRH secretion. The initial results of ongoing studies (data not shown) examining the effects of EAP1 on the transcriptional activity of other important genes involved in the transsynaptic facilitatory/ inhibitory control of GnRH secretion, such as Kiss1 and GPR54, and those encoding proteins essential for glutamatergic and GABAergic neurotransmission (vesicular glutamate and GABA transporters) appear to confirm the validity of this concept. An additional, intriguing possibility deserving experimental scrutiny is an involvement of EAP1 in controlling the hypothalamic expression of genes that link energy homeostasis to reproductive development, such as those encoding the insulin, IGF-1, and/or leptin receptor.
Figure 5
In vivo lentivirus-mediated delivery of EAP1 shRNAs to the rat POA decreases EAP1 protein levels. The images illustrate results derived from 8 control animals injected with LV eGFP, 6 animals correctly injected with EAP1 sh1, and 2 animals with misplaced injections of EAP1 sh1. In earlier reports, we furnished evidence suggesting the involvement of 2 known genes in the transcriptional control of female puberty and adult female reproductive function. One of them is Oct2, a transcriptional regulator of the POU domain family of homeobox-containing genes (35) . The Oct2 gene appears to be important for the trans-regulation of astroglial gene transcription, and TGF-α, a key glial facilitator of GnRH secretion at puberty (36) , has been shown to be one of its targets (37) . Decreasing Oct2 expression via intraventricular administration of antisense oligonucleotides delayed rat female puberty (37) , demonstrating the importance of this glial pathway in the control of female sexual development. The second candidate is thyroid transcription factor 1 (TTF1), another homeobox gene. TTF1 is required for diencephalic morphogenesis (38) ; after birth it remains expressed in selected neuronal and glial populations of the hypothalamus (39) . Acting within diverse cellular subsets, TTF1 enhances the transcriptional activity of genes required for the facilitatory control of gonadotropin secretion (GnRH, erbB2, KiSS1), while repressing the transcription of a gene involved in the inhibition of GnRH neuronal function (preproenkephalin) (39, 40) . Conditional deletion of the Ttf1 gene in differentiated neurons resulted in delayed female puberty, irregular estrous cyclicity, reduced reproductive capacity, and a shortened reproductive span, demonstrating the importance of this regulatory pathway for the normalcy of female reproductive function (40) .
Although we do not know yet whether EAP1, TTF1, and Oct2 are hierarchically related, we know that, like that of TTF1 and Oct2, the initial pubertal increase in EAP1 expression is sex steroid independent (data not shown), suggesting that EAP1 represents a potentially important (and novel) component of the gonad-independent increase in "central drive" thought to initiate puberty in both rodents and primates (1, 4) . Adding credence to the notion that the pubertal increase in hypothalamic EAP1 expression is caused by central events, rather than peripherally derived signals, is the finding of similar EAP1 mRNA levels in the hypothalamus of wild-type and leptin-deficient ob/ob mice.
Although primates (1), but not rodents (2), exhibit a juvenile "hiatus" in gonadotropin secretion, the basic mechanisms underlying the onset of puberty are essentially the same. In both cases, puberty is initiated by a diurnal increase in pulsatile GnRH release, and the activity of GnRH neurons is controlled by the same regulatory neuronal and glial networks (1, 2, 10). Our article further underscores this commonality.
The disruption of estrous cyclicity and reduction in plasma gonadotropin levels caused by the siRNA-mediated reduction of EAP1 expression in the POA of female rats suggest an alteration of GnRH release. Because these abnormalities were accompanied by stunted antral follicular development and formation of ovarian cysts, it is possible that a major consequence of the central loss of EAP1 is a disruption in pulsatile GnRH release. While this disruption may affect only circhoral changes in GnRH output, an alteration of the clockentrained, diurnal pattern of GnRH secretion - which is required for both the initiation of puberty (2) and the normalcy of estrous cyclicity (41) - remains a distinct possibility. EAP1-knockdown rats exhibit reduced serum FSH levels, which suggests that the accumulation of medium-size antral follicles observed in these animals is due, at least in part, to a diminished FSH support. The importance of adequate FSH levels for the continuous development of antral follicles is well documented (42) . Although the concomitant presence of follicular and luteal cysts in the ovaries of EAP1-knockdown rats may be related to a lack of pulsatile LH, it is also plausible that this abnormality is instead caused by factors (growth factors?) whose production may be affected (in a gonadotropin-independent manner) by the intrahypothalamic reduction of EAP1 expression. Further studies are required to distinguish between these possibilities.
Because EAP1 is located in the region of chromosome 14 affected in maternal uniparental disomy 14, a syndrome with a complex phenotype that includes precocious puberty (17, 18), EAP1 might
Figure 6
Site-restricted shRNA-mediated knockdown of the EAP1 gene targeted to the rat POA delays puberty, disrupts estrous cyclicity, and reduces plasma gonadotropin and estradiol levels. EAP1-knockdown animals exhibit: delayed puberty, assessed by the age of first ovulation (A); disruption of estrous cyclicity, determined in daily vaginal lavages (B and C, example of a disrupted cycle); episodes of persistent estrus (D); decreased serum LH (E), FSH (F), and estradiol levels (G). Numbers above bars represent number of animals per group, and error bars are SEM. *P < 0.05, **P < 0.02, and ***P < 0.01 versus LV eGFP-injected controls.
represent one of the affected genes. Genetic studies in humans will be necessary to examine this tantalizing possibility.
The results obtained after reducing expression of the EAP1 gene in cells of the POA via lentivirus-mediated delivery of siRNAs do not permit us to conclude that EAP1 is a transcription factor essential for the occurrence of puberty and female reproductive cycles, but they unambiguously show that EAP1 is necessary for the normalcy of these processes. The availability of EAP1-null mice should allow researchers to determine whether EAP1 indeed has an essential role. The onset of female puberty and the central control of female reproductive cycles can be envisioned as processes governed by upper-echelon genes encoding transcription factors functionally connected to a multiplicity of downstream (subordinate) genes expressed in different neuronal and/or glial subsets controlling GnRH output (43) . Studies in other cellular systems have shown that regulatory networks are controlled by a few highly connected "hubs" (15) . Our results suggest that while EAP1, TTF1, and Oct2 can all be considered as upper-echelon genes, EAP1 may represent a major hub of the network.
Methods
Detailed descriptions of DNA microarrays, real-time PCR, semiquantitative PCR, in situ hybridization and immunohistochemistry, functional promoter assays and plasmid constructs, siRNA preparation and tests of siRNA biological activity, functional analysis of siRNA specificity, assessment of a lentivirus-induced interferon response, intrahypothalamic injections of lentiviral particles, imaging, and quantitation of EAP1 immunoreactivity are included as supplemental information.
Animals. The nonhuman primate brain tissues used in this study derived from juvenile (9 months to 1.8 years of age), early pubertal (2-2.9 years of age), and mid-pubertal (3.1-4 years of age) female monkeys (Macaca mulatta) that had been euthanized and obtained through the Oregon National Primate Research Center (ONPRC) Necropsy Program. The animals were classified by stage of development according to the criteria reported by Watanabe and Terasawa (44) . Plasma LH levels obtained from a different set of age-matched, contemporary animals (n = 10/group) were 2.59 ± 0.97 ng/ml (juvenile), 3.88 ± 0.92 ng/ml (early puberty), and 6.48 ± 1.64 ng/ml (mid-puberty), reflecting the pubertal maturation of the hypothalamic-pituitary axis.
Female Sprague-Dawley rats were purchased from B&K Universal Ltd. They arrived at the laboratory when they were 21 days old and were housed under controlled conditions of temperature (23-25°C) and light (14 hours of light, 10 hours of darkness; lights on from 5:00 am to 7:00 pm). Food (Purina laboratory chow; Ralston-Purina) and water were provided ad libitum. To determine the changes in EAP1 mRNA abundance that occur in the MBH and CTX at the time of puberty, female rats were euthanized at 3 different stages: juvenile (25 days of age), early puberty (30-35 days of age), and on the day of the first proestrus (32-37 days of age). Animals at this latter stage were considered as being in mid-puberty, as they had not yet ovulated. According to previously established criteria (2), 25-day-old animals are in the mid-juvenile phase of prepubertal development. At this time, the vagina is not yet patent and the uterine weight is 60 mg or less, with no accumulation of intrauterine fluid. Older rats showing a closed vagina, accumulation of intrauterine fluid, and an uterine weight less that 180 mg are considered to be in early puberty (early proestrous phase). Finally, rats still exhibiting a closed vagina but showing a uterus ballooned with fluid and a uterine weight of at least 200 mg are considered to be in mid-puberty (late proestrus phase of puberty), i.e., when the first preovulatory surge of GnRH and gonadotropins takes place. The first ovulation occurs the following day. All animals were sacrificed between 4:00 and 5:00 pm.
The ob/ob mutant mice (Lepob/Lepob) and wild-type C57BL/6J controls used to evaluate the effect of leptin on hypothalamic EAP1 mRNA content were purchased from The Jackson Laboratory.
The brain regions collected from monkeys, rats, and mice were the MBH and samples from the CTX. The MBH was dissected by a rostral cut along the posterior border of the optic chiasm, a caudal cut immediately in front of the mammillary bodies, and 2 lateral cuts along the hypothalamic sulci. The thickness of the tissue fragment was about 4 mm (monkeys) and 2 mm (rats and mice). Upon dissection, the tissues were immediately frozen on dry ice and stored at -85°C until RNA extraction.
To evaluate the effects of intrahypothalamic injections of lentiviruses encoding EAP1 shRNAs on female reproductive development and mature reproductive function, rats were injected (Supplemental Note 8) during the first half of the juvenile period (P23) and subsequently they were examined for vaginal opening, first ovulation, and estrous cyclicity using established criteria (2), as described below.
The use of nonhuman primates, rats, and mice was approved by the ONPRC Animal Care and Use Committee in accordance with the NIH guidelines for the use of animals in research.
Evaluation of sexual maturation and adult reproductive function. The animals were inspected every afternoon for vaginal opening, starting 7 days after the injection. Once vaginal opening occurred, vaginal lavages were performed daily to identify the occurrence of the first estrus, which in rodents is manifested by a predominance of cornified cells (2) . Although ovulation normally occurs on the day of estrus (2), detection of cornified cells does not indicate that ovulation has occurred, unless vaginal cornification is followed by the appearance of a predominance of leukocytes (45) . The presence of these cells defines the diestrous phase of the estrous cycle and indicates that a functional corpus luteum was formed after ovulation. For these reasons, the age at first ovulation was considered to have been reached only when the cornified cells were followed by at least 2 days of lavages containing mostly leukocytes (46) .
Forty to 42 days after the intrahypothalamic injections, animals were anesthetized with tribromoethanol (2.5 mg/100 g body wt), blood was collected via cardiac puncture for hormone evaluation, and the brains were perfusion fixed for immunohistochemical verification of the site of injection. Circulating LH and FSH levels and serum levels of ovarian steroids were measured by RIA, as described previously (47) . The ovaries of rats that had been injected in the POA with EAP1 sh1 or LV eGFP control viral particles were removed, fixed in Kahle fixative, embedded in paraffin, serially sectioned at 6 μm, stained with Weigert iron hematoxylin, and counterstained with picric acid-methyl blue, as reported previously (48) . Every tenth section was imaged on a Zeiss Axioplan, using a CoolSNAP camera (Roper Scientific). Follicles were counted using the manual count feature of MetaMorph (Universal Imaging Co.). Only follicles in which the nucleus of the oocyte was visible were counted, and the total number of follicles per ovary was determined as reported previously (48) . All counts were performed without previous knowledge of the animal's treatment.
DNA microarrays, real-time PCR, and promoter assays. The changes in gene expression taking place at the time of puberty in the monkey hypothalamus were assessed using human cDNA microarrays (Supplemental Note 1), and the results were validated using a previously described real-time PCR protocol (49) (Supplemental Note 2). Assessment of the trans-regulatory activity of EAP1 (Supplemental Note 4) was performed as described previously (39) .
Cloning of rat, monkey, and human EAP1. Partial EAP1 cDNAs or cDNAs containing the entire EAP1 coding region from each of these 3 species were cloned into plasmid vectors after PCR amplification of reverse-transcribed mRNA (Supplemental Notes 2 and 4).
Design and construction of siRNAs. To generate siRNAs against rat EAP1 mRNA (Supplemental Note 5), we first cloned EAP1 mRNA from rat hippocampal HiB5 cells (Supplemental Note 6) and sequenced its entire coding region (GenBank accession number AY879229). Three pre-designed siRNAs targeting nt 1,309-1,327 (siR1), 1,471-1,489 (siR2), and 1,618-1,636 (siR3) of EAP1 mRNA were tested for activity as described in Supplemental Note 5. The 2 most potent siRNAs (siR1 and siR3) were subjected to functional analysis to verify their target specificity employing EAP1 mRNAs carrying point mutations of the region targeted by each siRNA (Supplemental Note 6). The sequence of siR1 was then used to generate an EAP1 shRNA construct.
Preparation of EAP1 shRNAs and production of viruses. A 53-mer oligodeoxynucleotide containing the 19-nt sense and antisense EAP1 siRNA-encoding strands separated by the 9-nt loop shown in Figure 4B was cloned into the Apa I-EcoR I sites of the multiple cloning site of a cassette (derived from the vector pSilencer 1.0-U6; Ambion) in which transcription of siRNAs is directed by the U6 RNA polymerase promoter (50) . This cassette, inserted into the 3ʹ LTR of a lentiviral construct (27) , is able to deliver encoded siRNAs into the brain (51) .
To produce virus particles, we used the calcium phosphate method (52) to cotransfect 293T cells with 4 plasmids; the lentiviral-siRNA vector, pLP1, pLP2, and pLPv (Invitrogen) (27, 53) . Plasmid pLP1 expresses gag and pol; pLP2 expresses Rev; and pLPv expresses the VSVG envelope protein. The viral concentration was increased by ultracentrifugation (54) , and the titer of the viral stock was determined by infection of naive 293T cells. Following infection with serial dilutions of the viral stock, the percentage of GFPpositive (fluorescent) cells was determined by flow cytometry in the Core facility at the Vaccine and Gene Therapy Institute, ONPRC (Supplemental Figure 2) . The titer was expressed as transducing units per milliliter (TU/ml). To test the effectiveness of the viral particles carrying EAP1 shRNA-encoding cassettes, we used HiB5 cells. They were seeded in a 6-well plate at a density of 400,000 cells/well in antibiotic-free DMEM medium. The following day they were infected with control (LV eGFP) viruses, EAP1 sh1, or EAP sh3 (at 0.6 × 10 9 to 3.5 × 10 9 TU/ml) in a 1-ml volume containing Polybrene (16 μg/ml). Total RNA was extracted 72 hours after the infection, and the content of EAP1 mRNA was measured by semiquantitative PCR as described in Supplemental Note 2.
In situ hybridization and immunohistochemistry. The brains of monkeys and rats were subjected to hybridization and/or immunostaining as described in Supplemental Note 3.
Imaging. After completion of the immunofluorescence reactions (Supplemental Note 3), fluorescent images were acquired and analyzed as described in Supplemental Note 9.
Statistics. Differences between 2 groups of animals or independent observations were analyzed using 2-tailed Student's t test. When several groups were compared, the differences were analyzed by 1-way ANOVA followed by the Student-Neuman-Keuls multiple comparison test for unequal replications.
